ABSTRACT 3-Phosphoglycerate-and oxaloacetate-dependent 02 photoevolution by permeabilized cell preparations (Pressates), prepared from wild type (Wt) and two reductive pentose phosphate cycle mutants of Chiwnydomonas remhardtii showed different sensitivities to the inhibitors sodium cyanide and sodium azide. NaCN (1.5 millimolar) severely inhibits both CO2-and 3-phosphoglycerate-dependent 02 photoevolution by the Wt Pressate, but does not inhibit 3-phosphoglycerate-dependent 02 photoevolution by Pressates prepared from the mutants rel-u-1-1-6C (which lacks ribulose, 1-5, bisphosphate carboxylase activity) and F60 (which lacks phosphoribulokinase activity). NaN3 (0.5 millimolar) inhibits 3-phosphoglycerate-dependent 02 photoevolution by the rcl-u-1-10-6C Pressate more severely than in the Pressates prepared from F60 and Wt. A higher concentration of NaN3 (2.0 millimolar) severely inhibited oxaloacetate-dependent 02 photoevolution by the rcl-u-l-10-6C, but not by the F60 Pressate. 02 exchangedependent upon methyl viologen was not strongly inhibited by 2 millmlar NaN3 in either of the mutant Pressates. The data suggests that the mutational lesions which resulted in decreased ribulose-1,5-bisphosphate carboxylase and phosphonbulokinase activities effected changes in other photosynthetic reactions, either by direct interactions between component proteins or by causing changes in substrate or cofactor availability to the partial reactions.
Mutant strains of Chlamydomonas reinhardtii have been widely employed in research on photosynthetic mechanisms. To date, the use of these mutants has been confined largely to studies of PET2 and photophosphorylation (26) . We wished to apply similar techniques to analysis of the regulation of photosynthetic carbon metabolism.
Mutational analysis of the RPPC is dependent upon the availability of both the appropriate mutant strains and suitable analyt- 2Abbreviations: PET, photosynthetic electron transport; RPPC, reductive pentose phosphate cycle; RuBP, ribulose-1,5-bisphosphate; OAA, oxaloacetate; 3PGA, 3-phosphoglycerate; Wt, wild type; TAP, Tris/acetate/phosphate; MDH, malate dehydrogenase; DPIP, 2,6-dichlorophenolindophenol.
ical techniques. In this work, we could utilize two mutants of C. reinhardtii with lesions affecting RPPC activities; F60 (which has decreased phosphoribulokinase activity [16] ), and rcl-u-1-10-6C
(which lacks RuBP carboxylase activity [21] ). Although a technique for the isolation of Class A chloroplasts, one of the most important tools for the analysis of the regulation of the RPPC was not available for this organism, a permeabilized cell preparation of C. reinhardtii (Pressate) (3, 4) , which has many of the properties of Class A chloroplasts, could be employed.
The combined use of these mutants and the Pressate has advantages as compared to higher plant Class A chloroplast preparations. Partial photosynthetic reactions which are dependent upon stromal enzymes, such as OAA or 3PGA photoreduction, can be measured in the absence of background CO2 fixation. Significantly, these partial reactions can be measured under conditions where the Pressates prepared from Wt strains demonstrate high rates of CO2 fixation. Similar analyses using higher plant chloroplasts require severe alteration of experimental conditions, such as CO2 deprivation, pH alteration or the use of inhibitors of the RPPC. Comparison of the Pressates prepared from Wt and mutant strains would also be valuable in defining the effects of these experimental conditions or inhibitors on distinct partial photosynthetic reactions. In the course of such comparative studies, 3PGA and OAA photoreduction showed unexpected properties with respect to the inhibitors NaCN and NaN3. Under conditions where NaCN completely inhibited 3PGA photoreduction by the Wt Pressate, this 'general' inhibitor did not affect the same activity in Pressates prepared from F60 and rcl-u-1-10-6C. These two mutants also showed differential sensitivity of OAA and 3PGA photoreduction to NaN3. There is no evidence that the lesions which resulted in these strains directly affected the polypeptides involved in the partial reactions. This suggests that mutational modification of phosphoribulokinase or RuBP carboxylase indirectly confers differential sensitivity to the inhibitors. These results are interpreted as indicating the organization of the RPPC into a multienzyme complex.
MATERIALS AND METHODS
Strains and Culture Conditions. Chlamydomnas reinhardtii wild type strain 137c(+), and mutant strains F60(-) and rcl-u-l-10-6C(+) were grown in TAP medium on a rotary shaker as described in (7) . For standard preparations Wt and F60 were grown under fluorescent lights, while the light sensitive mutant rcl-u-1-10-6C (22) , was grown in the dark. The strain rcl-u-1-10-6C was kindly provided by Dr. R. Spreitzer and Dr. L. Mets.
Preparation of Pressate. For all assays Pressates were prepared without a recovery period as described in (3 Figure 1 . Chl/mI, and the rcl-u-J-JO-6C assays contained 32 isg Chl/ml in fmnal Figure 4 shows the effects of 0.5 mm NaN3 on 3PGA photoreduction by these Pressates. In the rcl-u-1-10-6C Pressate, the reaction is inhibited much more severely than in either the Wt or F60 Pressates. Trace A in all panels of this figure represents the control rates for the reactions. Trace B in all panels demonstrates that the addition of NaN3 in the presence of 3PGA results in severe inhibition only in the rcl-u-1-10-6C Pressate. Trace C in all panels demonstrates the high sensitivity of 3PGA photoreduction by only the rcl-u-1-10-6C Pressate when 0.5 mm NaN3 was added prior to illumination.
The site of inhibition of photosynthetic reactions by azide is not as well characterized as in the case of cyanide. It Figure 1 . 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 TME (mh) FIG. 5 . Effect of 2 mM NaN3 on OAA-dependent 02 photoevolution by the F60 and rcl-u-1-10-6C Pressates. All assays contained the standard reaction mixture (see "Materials and Methods"). The F60 and rcl-u-1-10-6C assays contained 47 and 41 pg Chl/ml, respectively, in final reaction volumes of 3.2 ml. NaN3 and OAA were added to final concentrations of 2 and 1 mK, respectively, where indicated by arrows. Dark and light periods are indicated as in Figure 1 . Tom O* FIG. 6. Effect of 2 mm NaN3 on methyl viologen-dependent 02 uptake by the F60 and rcl-u-1-10-6C Pressates. All assays contained the standard reaction mixture (see "Materials and Methods"). The F60 and rcl-u-1-10-6C assays contained 47 and 41 pg Chl/ml, respectively. NaN3 (2 mM), Methyl viologen (MV) (120 pm), NaCN (1.5 mM), DCMU (6 pM) and Na-ascorbate (3 mM)-DPIP (30 pUM) (final concentrations), were added where indicated by arrows. Light and dark periods are indicated as in Figure 1. multienzyme complexes, such as the fatty acid synthetase (14) and pyruvate dehydrogenase (18) complexes have been isolated and well characterized in vitro (1, 20) . It has been proposed that central biochemical pathways with high rates of metabolite flux such as the glycolytic (17) and Krebs Cycle (23) pathways in the cytoplasm and mitochondrial matrix, as well as the RPPC in the chloroplast stroma (2), exist as less stable multienzyme complexes. As in the case of the Krebs cycle, many of the enzymes of the RPPC have been shown to be associated with active membranes within the organelle. This may allow the kinetic and regulatory advantages associated with these complexes to be extended to membrane bound reactions as well. Detection of a multienzyme complex involving the RPPC enzymes in vitro would prove difficult if it were unstable and rapidly disassembled upon rupture of the chloroplast envelope. The Pressate system, like the intact chloroplast preparations from higher plants, offers advantages in studying this aspect of photosynthesis since it allows analysis of enzyme functions in an environment similar to the intact cell. Other systems which could be useful in studying multienzyme complexes within the stroma include studies with whole cells and those using the reconstituted chloroplast preparations pioneered by Walker and coworkers (13) . The whole cell systems suffer from the permeability limitations imposed by the plasma membrane. There are no translocators comparable to those in the chloroplast envelope which allow rapid access to the stromal space to many intermediates of the RPPC. To date, attempts to reconstitute membrane and soluble fractions in vitro protein and Chl concentrations comparable with those found within the chloroplast have met with limited success (13) . If the formation or stability of a complex were dependent on the high protein concentrations found in the stroma, these interactions may not be observed in the reconstituted systems. An additional advantage of the Pressate preparation is that mutants are available with lesions affecting stromal enzyme activities, which may result in detectable changes in these complexes.
The data presented here clearly demonstrate that mutational lesions affecting RuBP carboxylase and phosphoribulokinase activities alter the sensitivity of 3PGA and OAA photoreduction to the inhibitors NaCN and NaN3. None ofthe soluble or membranebound enzyme components involved in these reactions are associated with the same polypeptides as RuBP carboxylase and phosphoribulokinase activities. The data suggest that there exist interactions between these components, perhaps in the form of a multienzyme complex.
Forti and Gerola (5) have suggested that inhibition of 3PGA photoreduction in spinach chloroplasts by KCN is due to inhibition of catalase activity. As both of the mutant Pressates are less sensitive to this inhibitor than the Wt Pressate, the inhibition observed in this system probably has another basis. Other possible sites of direct inhibition of 3PGA photoreduction in Wt include (a) 3PGA kinase or glyceraldehyde-3-phosphate (G3P) dehydrogenase activities; (b) the phosphate translocator (which would prevent entry of exogenous 3PGA); or (c) some component involved in ATP or NADPH formation. The lack of effect of NaCN on 3PGA photoreduction by the mutant Pressates suggests, however, that the inhibition seen in Wt is not due to a direct interaction with some target enzyme which should be the same in the mutant Pressates. Rather, the data suggest that the mutational lesions affecting RuBP carboxylase and phosphoribulokinase activities indirectly conferred NaCN insensitivity by disrupting interactions between these enzymes and those involved in 3PGA photoreduction.
Kandler and Liesenkotter (9) (2) has suggested that some of this 3PGA is in a bound form, and is rapidly reduced without equilibration with a large pool of free 3PGA. Whereas the data presented in (6) suggest that all of the 3PGA molecules within the cell have the same kinetic properties, other data indicate more limited interactions between cellular 3PGA pools. Relative to the triose phosphates, which are also substrates of the phosphate translocator, the export of 3PGA from the chloroplast appears to be limited (12) . The concentration gradient across the chloroplast envelope with respect to 3PGA is 40-fold higher than is the case with triose phosphates. Measurements of the cytoplasmic and stromal pool sizes of 3PGA in protoplasts (24) also indicate a lack of equilibration between the two pools. Finally, the inability of higher plant chloroplasts to photoreduce exogenous 3PGA in the absence of CO2 (25) (16) . Also, the demonstration of 3PGA-stimulated RuBP synthesis in the rcl-u-1-10-6C Pressate implies that the photosynthetic capability of this mutant also remains intact except for its loss of carboxylase activity. It should also be noted that if the NaCN insensitivity is the result of secondary lesions, both mutants, which were independently derived from radically different selection procedures, would carry the lesion. Although the presence of secondary lesions can not be rigorously excluded, we believe that the observed differential inhibitor sensitivity represents indirect effects of the alteration of RuBP carboxylase and phosphoribulokinase.
Whereas the exact mechanism of the differential effects of inhibitors on the Wt and mutant Pressates remains to be determined, the data suggest that mutational lesions affecting enzyme activities associated with the soluble phase of the chloroplast can effect changes on enzymic reactions associated with distinctly separate polypeptides.
